ABSTRACT: Polystyrene microgels are nanometer-sized particles produced by polymerization and crosslinking in microemulsion. As a result of their internal network structure, microgels have negligible intermolecular entanglement interactions. This can have a profound effect on their rheology; it also leads to glassy fracture resembling the behavior of low molecular weight, linear polystyrene. At higher frequencies, the mechanical response of microgels is quite similar to that of linear polystyrene. Breakdown of time-temperature superpositioning occurs in the softening zone of the viscoelastic spectrum. In the glass transition region, the segmental relaxation function is broadened and exhibits an enhanced dependence on temperature. The latter two effects, due to the cross-linking of the microgels, are also seen in conventional, macroscopic networks.
Introduction
Microgels are an interesting class of materials, having the internal structure of a macroscopic network, yet exhibiting viscous flow. 1,2 A distinguishing feature is the absence of entanglements between different molecules (microgel particles), even for very high molecular weight. For polystyrene, there are about 170 monomer units between entanglements, 3 which is more than twice the average number of units between cross-links for even the least cross-linked microgel studied herein. Since the microgel particles are spatially separated until after cross-linking, a high degree of cross-linking precludes intermolecular entanglements. Their unique morphologysdensely packed, unentangled polyhedronss markedly affects the microgels' mechanical properties. 1, 2 Our efforts to characterize the rheology of PS microgels will be reported elsewhere; 4 we restrict our attention herein to the mechanical behavior at higher frequencies.
Experimental Section
A detailed description of the microgel synthesis, as well as analysis of structure, has been published. 5, 6 For the present study, various microgels were prepared by polymerization of styrene (AIBN initiator) in water, using myristyldiethanolamine-copper 7 or cetyltrimethylammonium chloride 8 as the surfactant. Molecular weights, determined by light scattering, were from 280 to 50 000 kg/mol (corresponding to particle radii in the range 2.8-22 nm). Network densities are determined by the amount of added m-diisopropenylbenzene; for the microgels herein, the number of cross-links per monomer unit, f x, varied from 1/10 to1/80.
Differential scanning calorimetry (DSC) was carried out at 10 deg/min with a Perkin-Elmer DSC-7. Dynamic mechanical spectra were obtained with a Bohlin VOR, using a parallel plate geometry. The plate size was adjusted according to the measurement temperature. Flexural stress/strain data were obtained at room temperature on strips (l ) 22.4 mm; w ) 12 mm; t ) 7 mm) using an Instron 1135. The maximum stress is calculated as and the maximum strain is
Results and Discussion
Stress-Strain Behavior. The extensibility of glassy polymers is modified by the presence of entanglements. The crazing and fibril formation which accompanies drawing usually involves substantial chain disentanglement. 9 This confers a molecular weight dependence to the strength of polymers, as noted long ago. 10 Since microgels lack intermolecular entanglements, their deformation should mimic that of low molecular weight (unentangled) PS, rather than linear PS having comparable molecular weight. This is illustrated in Figure 1 , which shows the stress-strain response at room temperature for two microgels (having f x ) 1/10) and for two linear PS. All polymers have comparable flexural moduli ()1.6 GPa), as seen in the figure. For linear PS, a M w substantially exceeding the entanglement molecular weight ()18 kg/ mol 3 ) confers greater elongation relative to that of the unentangled linear polymer (M w ) 24 kg/mol). Such extensibility is absent in the microgels, even for an exceedingly high molecular weight of 50 000 kg/mol. The stress-strain response of the microgels could be mistaken for that of unentangled linear PS.
Viscoelastic Softening Zone. It is well-known that a breakdown of time-temperature superpositioning occurs in the softening zone of the viscoelastic spectrum. First discovered for polystyrene, 11 this phenomenon results from the different temperature dependences of the chain motions in comparison to the more local segmental dynamics. [12] [13] [14] [15] The latter have larger time/ temperature shift factors, which means that at lower temperature their contribution to the spectrum is less separated from that of the chain modes. In the softening † Current affiliation: The Boston Consulting Group, Dü sseldorf, Germany.
zone, where both modes contribute, their different temperature dependences cause thermorheological complexity. Displayed in Figure 2 is the loss tangent measured for a PS microgel measured at four different temperatures. While shifting the data brings the high-frequency side of the peaks into coincidence, the peaks measured at lower temperature are broader, with shallower minima. These characteristics are very similar to those observed for linear PS. 16 Figure 3 shows dynamic mechanical master curves for the storage and loss moduli of a PS microgel. The detailed shape is only approximate, given the aforementioned breakdown of time-temperature superpositioning in the transition zone. Nevertheless, the curves closely resemble the spectra observed for linear PS, when the latter has a molecular weight about an order of magnitude smaller than that of the microgel in Figure  3 . 17 At 130°C the measured data fall within the power law region of the softening zone. Using only data points in Figure 3 obtained at this temperature, we can calculate the slope, d log(G′′(ω))/d log(ω). The negative inverse of this quantity is referred to as the "steepness index" in the damped lattice model of Tobolsky and Aklonis. 18, 19 This slope also corresponds approximately to the high-frequency exponent of the BSW spectrum. 20 The value determined for the microgel, d log(G′′(ω))/d log(ω) ) 0.68, is identical to the value reported for linear PS. 21 It is smaller (i.e., sharper transition, larger steepness index) than that of other polymers. 12, 21 Segmental Relaxation. At higher frequencies in Figure 3 there is a dispersion in the loss modulus, reflecting local segmental relaxation (R-transition). In Figure 4 , this peak is shown on a linear ordinate scale for both linear PS and four microgels of varying crosslink density (1/80 e f x e 1/10). These microgels all have approximately the same molecule weight (ca. 10 3 kg/ mol). Their peak breadth is greater than for linear PS and systematically broadens with increasing cross-link density. This is expected, since the reduction in the available configurations due to the network structure gives rise to enhanced cooperativity among segments. Stronger intermolecular cooperativity is known to broaden the relaxation function of networks. [22] [23] [24] [25] [26] Note that a distribution of strand lengths between cross-links would also broaden the relaxation function; however, the uniform distribution of the cross-linking agent within the polymerizing microgel, as well as the favorable copolymerization parameters, 27 makes such an effect unlikely.
There is an additional influence on the shape of the relaxation function for networks, inhomogeneous broadening due to a distribution of relaxation behaviors. The latter arises from the varying degree to which segments, in different proximity to a network junction, have their local dynamics constrained by the junction. The extent of this inhomogeneous broadening is in proportion to the concentration of cross-links. 24 Both these effectss enhanced intermolecular cooperativity and inhomogeneous broadeningsare presumably operative in the microgels.
A "most probable" relaxation time for local segmental motion can be defined as the inverse of the frequency of the loss modulus maximum, τ ≡ 1/ω peak . In Figure 5 we plot these τ as measured for the polystyrenes at various temperatures. The data were fitted to the Vogel-Fulcher equation 3 At fixed temperature, there is a systematic increase in the magnitude of τ with increasing cross-link density. This trend is consistent with increased intersegmental constraints on the local relaxation, as inferred from the peak breadths in Figure 4 . Such behavior, of course, also underlies the increase in glass transition temperature with cross-linking. 26, 28 The breadths of the peaks in Figure 4 are expected to correlate with the effect temperature has on the relaxation times (at least that portion of the breadth not due to inhomogeneous broadening mechanisms). 14, 24, 29 As demonstrated for many polymers and small molecule glass formers, relaxation times associated with broader peaks depend more strongly on temperature. [30] [31] [32] [33] [34] This effect is usually demonstrated by comparison of fragilities, defined as the slope of an Arrhenius plot of relaxation times in which temperature is normalized by some reference temperature. [35] [36] [37] In terms of the VogelFulcher parameters, fragility can be expressed as 38 where T ref is the temperature at which the relaxation time equals an arbitrary value; for mechanical data, typically τ(T ref ) ) 100 s.
Fragilities obtained in this manner for the various microgels are displayed in Figure 6 . There is no significant trend with cross-link density; the average fragility equals 158. However, the microgels are all substantially more "fragile" than linear PS. The fragility of linear PS is molecular weight dependent, attaining a value as high as 146 at the highest molecular weights. 39 The fragility of polymers in general spans a range of roughly 40-200. 30, 34 The quantity used as the abscissa in Figure 6 is the heat capacity increment at T g . This form of displaying the data is drawn from Angell's energy landscape interpretation of fragility, [35] [36] [37] which predicts a proportionality between fragility and ∆C p (T g ). According to Angell, 35-37 the strength or fragility of relaxation behavior reflects the topology of the potential energy hypersurface governing diffusions, reorientations, and, for the case of polymers, segmental reconfigurations. Fragile liquids are associated with potential surfaces having a high density of minima, and hence such liquids exhibit high configurational heat capacity changes at T g , ∆C p (T g ). According to this interpretation, when a fragile glass is warmed through the glass transition, a wide variety of structural arrangements become available, engendering substantially reduced relaxation times. Strong liquids would show the opposite behavior; having potential energy surfaces with few minima and thus 
small ∆C p (T g ), their relaxation times would be less sensitive to temperature changes. Many small molecule glass-forming liquids conform to this model. [35] [36] [37] The relationship expected from Angell's model is not observed in Figure 6 . Higher cross-linking reduces the heat capacity increment at T g , consistent with the reduction in degrees of freedom accompanying crosslinking. However, the smaller ∆C p (T g ) is not accompanied by a significant alteration of the fragility. Moreover, as seen in Figure 6 , and reported previously, 39 the relationship between fragility and ∆C p (T g ) for linear PS is opposite to the theoretical prediction. Parenthetically, we note that the behavior of conventional polymer networks is similarly at odds with the Angell model. 26 Since interparticle interactions are weak for the unentangled microgels, the mechanical properties are clearly dominated by their internal structure. Nevertheless, packing density or long-range coupling may exert some influence on the microgel behavior. Figure 7 displays the segmental relaxation times measured for three microgels of varying molecular weight (i.e., particle size); all have f x ) 10%. There is a systematic increase in τ as particle size is reduced. This would suggest more cooperative local relaxation; however, particle size has a negligible effect on the temperature dependence of these segmental relaxation times. The slower relaxation of smaller particles may be the consequence of closer packing and consequently more steric interference or perhaps the population of otherwise inactive long-range coupling modes.
Summary
The mechanical behavior of the microgels described herein is in most respects quite similar to that of linear polystyrene, at least when the latter is of relatively low molecular weight. A distinguishing feature of the structure of these high molecular weight microgelssthe absence of entanglement couplings between moleculess has a negligible effect on the local segmental dynamics.
However, since segmental relaxation is manifested over a substantial length scale, [40] [41] [42] [43] [44] cross-link junctions constrain the motion of even topologically remote chain segments. Consequently, segmental relaxation times, as well as the shape of the relaxation function itself, are affected by cross-link density. This extended range of influence of network junctions has an analogous effect on crystallization in networks. [45] [46] [47] Along with the study of segmental dynamics in polymers, microgels offer the possibility of serving as model networks for the study of rubber elasticity. 48 This is an area in which the role of entanglements remains to be quantitatively established, and hence any insights microgels can provide will be welcome. Arrhenius plots of the local segmental relaxation times of microgels having fx ) 1/10 and the indicated molecular weights. The latter correspond to particle radii equal to 7.6 (O), 12.5 (*), and 22 nm (×), respectively, as determined by light scattering. The linear PS has a molecular weight equal to 90 kg/mol.
